Compact frequency standard based on an intracavity sample of cold cesium atoms by Muller, Stella Torres et al.
  Universidade de São Paulo
 
2011-11
 
Compact frequency standard based on an
intracavity sample of cold cesium atoms
 
 
Journal of the Optical Society of America B, Washington, DC : Optical Society of America - OSA, v.
28, n. 11, p. 2592-2596, Nov. 2011
http://www.producao.usp.br/handle/BDPI/49399
 
Downloaded from: Biblioteca Digital da Produção Intelectual - BDPI, Universidade de São Paulo
Biblioteca Digital da Produção Intelectual - BDPI
Departamento de Física e Ciências Materiais - IFSC/FCM Artigos e Materiais de Revistas Científicas - IFSC/FCM
Compact frequency standard based on an intracavity
sample of cold cesium atoms
Stella Torres Müller,1,* Daniel Varela Magalhães,2
Renato Ferracini Alves,1 and Vanderlei Salvador Bagnato1
1Instituto de Física de São Carlos, Universidade de São Paulo, Av. Trabalhador São-Carlense 400,
13560-970 São Carlos, São Paulo, Brazil
2Escola de Engenharia de São Carlos, Universidade de São Paulo, Av. Trabalhador São-Carlense 400, 13566-590 São
Carlos, São Paulo, Brazil
*Corresponding author: stella@ifsc.usp.br
Received April 28, 2011; revised August 24, 2011; accepted August 24, 2011;
posted September 6, 2011 (Doc. ID 146726); published October 5, 2011
We have demonstrated the possibility for a compact frequency standard based on a sample of cold cesium atoms.
In a cylindrical microwave cavity, the atoms are cooled and interrogated during a free expansion and then de-
tected. The operation of this experiment is different from conventional atomic fountains since all the steps are
sequentially performed in the same position of space. In this paper we report the analysis of a Ramsey pattern
observed to present a ð47 5ÞHz linewidth and a stability of ð5 0:5Þx10−13τ−1=2 for an integration time longer than
100 s. Some of the main limitations of the standard are analyzed. This present report demonstrates considerable
improvement of our previous work [J. Opt. Soc. Am. B 25, 909 (2008)] where the atomswere in a free space and not
inside a microwave cavity. © 2011 Optical Society of America
OCIS codes: 020.0020, 020.7010, 120.0120, 120.3940.
1. INTRODUCTION
During the past three decades, outstanding developments in
the field of atomic frequency standards have been achieved.
Today, stabilities of the order of 10−16 and accuracies that go
beyond 10−15 are possible with laboratory-scale frequency
standards employing cold atoms [1].
Most of the high-performance time standards require an ex-
tremely complex construction and operation, but for certain
applications simplified alternatives would be useful. In many
cases, smaller and cheaper devices are required, even if they
would, in a certain degree, compromise performance. For in-
dustrial applications such as telecommunication lines, mobile
telephone networks or internet, calibration of instruments,
and dissemination of local time references with good quality,
commercial atomic clocks must be transportable and easy to
use. Commercial atomic clocks are also the basis for many
measurement systems such as laser telemetry and global
positioning systems [2,3]. The global positioning system has
proven to be of a high technological importance and is an ex-
cellent example of the impact that atomic clocks have in our
society. Based on those characteristics, it is difficult to use
clocks based on cold atoms for commercial applications un-
less simplified devices and methodologies are employed.
The demand for small and practical units has motivated
groups to develop Cs beam clocks [4] or optically pumped
Rb clocks, offering a huge variety of commercial models.
The use of compact high-performance clocks [5,6] is of crucial
importance to improve independence and reliability of inertial
systems embedded in satellites and submarines.
The aim of this work is to report the construction and per-
formance, first to our knowledge, of an experimental compact
atomic reference, using cold atoms in a device presenting sim-
plicity in two important aspects: construction and operation
(compared to the complexity of other systems based on cold
atoms as a “fountain”). The use of cold atoms in this work
represents a huge advantage over the existing commercial
clocks based on atomic beams. Cold atoms naturally allow
the achievement of higher precision due to their narrow veloc-
ity distribution.
The key idea of our device is to perform in a microwave
cavity each stage required by an atomic frequency standard
using cold atoms. This is done using atomic cooling tech-
niques, for a vapor inside the cavity, and a two pulse method,
thus achieving the desired compactness of the clock physics
package, reducing it to a few liters.
A proof of concept for this idea was published in a recent
paper [7], where a free expanding cloud of cold atoms was
arranged to interact with a microwave field emitted from
an antenna. In that setup [7] a considerable reduction of the
fringe contrast was observed and interpreted and possible im-
provements were identified. Such a limitation has presently
been overcome using a resonator instead of an external anten-
na, and this is precisely the main technical improvement pre-
sented in this work. The final result of this configuration has
shown to be surprisingly good.
The first and second part of this publication is dedicated to
the description of the experiment and the employed temporal
sequence. In the third part, a typical evaluation of the device is
presented and dominant frequency shifts are identified.
2. EXPERIMENTAL SETUP
The atomic sample preparation begins with a magneto-optical
trap (MOT) [8] for cesium atoms operating in the D2 line
(852nm). The configuration is composed of three pairs of
counterpropagating laser beams orthogonally distributed. In
brief, two stabilized diode lasers, mounted in an extended
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cavity configuration, provide the frequencies necessary to
produce trapping, population repumping, and analysis of
the clock microwave transition, through fluorescence.
Once a significant number of cold atoms has been captured,
an MOT with a density in the range of 1010 cm3 is obtained; the
next phase consists of performing sub-Doppler cooling with
the MOT magnetic field switched off, operating in a molasses
configuration. Finally, the laser beams are turned off. During
the free expansion, the cloud is subjected to a sequence of two
microwave pulses, composing the well-known Ramsey meth-
od [9]. The microwave pulses are applied in a cylindrical
microwave cavity that was sculpted inside the stainless steel
vacuum chamber as shown in Figs. 1(a) and 1(b).
The whole experiment takes place inside this cavity, and
the most relevant steps can be seen in Fig. 2. The vacuum
system is maintained below 10−7 Pa using an ion pump.
The cavity is used as a microwave resonator for the 133Cs,
and it is fed by an intracavity antenna coupled to a microwave
chain. Obviously, the volume of the cavity is defined by the
clock transition 62S1=2jF ¼ 3;mF ¼ 0i → 62S1=2jF ¼ 4;mF ¼
0i at 9,192,631,770 Hz and couples the TE011 mode [10].
The overall level diagram and used transitions are depicted
in Fig. 3. The quality factor of the microwave cavity was mea-
sured to be close to 1600.
Fluorescence light from the intersecting laser beams region
is imaged onto a calibrated detector, located outside the cav-
ity, to perform the detection phase. A set of three pairs of coils
allows control of the magnetic field in the atomic cloud region
as well as the establishment of a C field. Because of the high
sensitivity of the experiment to the magnetic field, a proce-
dure to obtain a zero field is carried out through careful
measurement of the regularity of the free expansion after
switching off the trap field.
3. TEMPORAL SEQUENCE OF OPERATION
A typical temporal sequence is divided into four parts: cooling,
preparation, interrogation, and detection. The control signals
required to time the operating cycles are presented in Fig. 4.
They are defined in a LabView program and generated in a
data acquisition computer card (PCI-6025E, National Instru-
ments) as described in detail as follows.
A. Cooling
The first part of the cycle consists in loading 108 atoms in an
MOT for about 1 s from a cesium vapor. The 6S1=2jF ¼ 4i →
6P3=2jF 0 ¼ 5i cycling transition is used, and repumping is
done using the 6S1=2jF ¼ 3i → 6P3=2jF 0 ¼ 4i transition.
Fig. 1. (a) View of the vacuum chamber built for the compact clock
project. (b) Cutting view of the cylindrical microwave cavity sculpted
inside a vacuum chamber, where all interactions take place.
Fig. 2. Temporal working cycle: each interaction is performed se-
quentially inside the microwave cavity. (1) Loading in an MOT config-
uration to confine atoms in the F ¼ 4 state, followed by a molasses
phase and a frequency sweep to obtain sub-Doppler cooling of the
atoms. (2) The repumping light is switched off and the atoms are op-
tically pumped to the F ¼ 3 state. After some milliseconds, the main
beams are also switched off. (3) A sequence of two microwave pulses
is applied during a total interrogation time of 8ms. (4) The main
beams are switched on again, tuned to a cycling transition, and the
fluorescence of the cloud is acquired by a photodetector.
Fig. 3. Energy levels for the D2 line of Cs atoms and the transitions
used to trap, repump, and detect the atoms.
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B. Preparation
After the MOT phase, an optical molasses configuration is set
for a period of 13ms by turning off the trapping coils. At the
end of the molasses cycle, a cloud of atoms at about 10 μK is
obtained. Then, in order to prepare the atoms in their ground
electronic state 6S1=2jF ¼ 3i, the repumping light is switched
off for 5ms before shutting off the cooling light. During this
time optical pumping efficiently transfers the atoms to the
required ground state.
C. Interrogation
After the total shutdown of the laser beams, the atoms start a
free expansion with a small fall under gravity. During this
expansion, the microwave Ramsey interrogation method [9]
of the 62S1=2jF ¼ 3;mF ¼ 0i → 62S1=2jF ¼ 4;mF ¼ 0i clock
transition is applied, using two pulses of 1ms, separated by
8ms. The microwave chain used was built by Walls and cow-
orkers (National Institute of Standards and Technology,
Boulder, Colorado, USA) [11,12], and the modulation is pro-
duced by an external function generator (DS345, Stanford)
synchronized with the chain.
D. Detection
To perform the detection phase, the light beams originally
used as a cooling laser are turned back on for 40ms, and
the fluorescence signal of atoms in the 6S1=2jF ¼ 4i level is
detected. The detected population is the one originated from
the clock transition due to the interaction with the microwave
radiation.
Once the resonance is observed, it can be used as a
frequency discriminator, generating an error signal that repre-
sents the frequency fluctuations between the atomic reso-
nance and the local oscillator (microwave chain). The
frequency correction is sent to the external function genera-
tor, which provides a nearly 9,192,631,770 Hz signal. Since the
microwave chain is phase locked to a hydrogen maser (CH1-
75A, Kvarz), the error signal is then computed to obtain the
frequency stability using the Allan variance [13].
4. RESULTS AND DISCUSSION
In parallel with the experiment, we performed numerical si-
mulations of the cloud in free expansion inside the cylindrical
microwave cavity. We started by considering the microwave
cavity as depicted in Fig. 5. The purpose of the simulation is to
see the expected Ramsey pattern for our configuration and to
predict any possible external influences.
A LabView program was used to simulate the expansion of
the atomic cloud inside the microwave cavity taking into ac-
count a Boltzmann distribution and the interaction with the
microwave field for the mode TE011 [9]. The magnetic field
in this mode is expressed in cylindrical coordinates as follows:
~Hð~rÞ ¼
8>><
>>:
Hr ¼ πax001 cos

πz
L

J1

x001r
a

Hθ ¼ 0
Hz ¼ sin

πz
L

J0

x001r
a
 ; ð1Þ
where a is the radius and L is the length of the cylinder. x001 ¼
3:832 is the first root of J 00ðxÞ ¼ 0, the derivative of zeroth-
order Bessel function of the first kind J.
The atomic cloud does not have a uniform density distribu-
tion, and therefore different quantities of atoms interact with
the field during the expansion at different amplitudes due to
each location along the microwave cavity. Considering a
Gaussian atomic density distribution, a shell of radius R, as
represented in Fig. 6, corresponds to a region of a uniform
atomic density. The integration of many shells is the main con-
sideration for the simulation.
If nðRÞ is the density distribution, the quantity of atoms
between R and Rþ dR is
dN ¼ 2πR2nðRÞ sin θdθdR; ð2Þ
Fig. 4. Control signals of the temporal sequence. The scale is inten-
tionally not preserved to allow better view of the different states.
Fig. 5. Drawing of a cylindrical microwave cavity of radius a and
length L. The dotted lines show the microwave field for the mode
TE011.
Fig. 6. Diagram showing the angle and the spatial distribution of the
atoms used in the simulation.
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with nðRÞ ¼ noe
−R2
W2 , W being the Gaussian width representing
the cloud expansion and no the central peak density.
For this spatial distribution one can calculate the field ex-
perienced by each group of atoms at different locations and
therefore giving different contributions to the signal.
The result of our simulation is shown in Fig. 7. The loss of
the fringe contrast is attributed to the amplitude difference
experienced by the atoms for each microwave pulse, since
the cloud of atoms is in free expansion. It should also be noted
that the module of the microwave field decreases by 10% com-
pared to the maximum amplitude when the atoms are 6mm
above or below the center of the cavity.
The experimental result obtained in our device is presented
in Fig. 8, which shows a typical scan of the microwave
frequency across the clock resonance. A large variety of inves-
tigations of the Ramsey fringes are presented in [14]. Experi-
mental data are averaged over five measurements. The central
fringe width is ð47 5ÞHz for an operation of an 8ms Ramsey
pulse separation. The contrast is better than 80% (where the
contrast is defined as a difference between resonance ampli-
tude and background). The experimental data are in good
agreement with the calculated curve (Fig. 7), showing that
the main physical insights have been well understood. A detail
for a scan around the central fringe obtained in Fig. 8 is pre-
sented separately in Fig. 9, together with a theoretical fitting.
The central resonance observed in Fig. 9 was used as a
clock transition to measure the frequency stability. The micro-
wave chain was phase locked to the 10MHz output of the hy-
drogen maser. The modulation of the frequency is controlled
by a computer, which also registered the introduced correc-
tion to keep the interrogation signal at its maximum.
We observed a stability of σyðτÞ ¼ ð5 0:5Þx10−13τ−1=2 after
100 s of integration time as presented in Fig. 10, demonstrating
that this compact cold atom clock can reach better perfor-
mances than the commercial beam clocks, which typically
have short time stabilities on the range of 10−11–10−12. Below
100 s the slope is dominated by τ−1 behavior, and we believe
that the most significant noise comes from the detection
noise. This can be improved using an absorption detection
and by cycling the experiment faster. The absorption detec-
tion should minimize the loss of atoms in the detection phase
and consequently decrease the loading phase, which is the
longest time we have in the sequence. This should result in
decreasing the dead time.
With the system employed here, we obtained a stability two
orders better than the result reported in our original “proof-of-
concept” experiment [7,14] and an observed linewidth with a
contrast better than 80%.
The huge potential for the use of the cold atom can be rea-
lized if we compare the linewidth of both situations. While the
Fig. 7. Simulation of the expected fringes when we consider the
relative motion of atoms with the microwave field profile.
Fig. 8. Observed resonance for the clock transition using Ramsey
pulses of 1ms separated by 8ms. The FWHM is close to 47Hz.
Fig. 9. Scan over the experimental points of the central Ramsey
fringes observed in Fig. 8, superposed to simulation represented by
the continuous line. The contrast is better than 80%.
Fig. 10. Allan standard deviation of the system when the central
fringe is locked to a hydrogen maser.
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Ramsey interrogation method in the present system corre-
sponds to a linewidth of ð47 5ÞHz, this is comparable with
a linewidth of 26Hz based on a thermal Cs beam of 4m long
transition region [15]. This comparison shows the technical
advantages of a cold atom clock over the traditional beam
clock. This is an important feature, since our goal is to benefit
from the laser cooling techniques to reach higher stabilities
than the commercial thermal Cs beam.
We found comparable results to those obtained by Tremine
and collaborators [16,17] in the “Horace” project, an experi-
ment similar to the one here presented but using a different
approach to capture the atoms. The Horace project uses a
spherical copper cavity that is optically polished in order to
build an isotropic light field to trap the cesium atoms. At
the bottom of this device, a time of flight detection region
is used to measure the number of atoms by absorption.
In an atomic standard, even with many protection devices,
the atoms are disturbed by environmental factors such as tem-
perature, magnetic field, spurious light, and others. There are
many interactions and effects that shift the value of the atomic
resonance compared to the hypothetical situation of an iso-
lated atom. It is necessary to identify these effects and eval-
uate their impact on the clock to correct them. We show in
Table 1 a list of preliminary systematic effects that affect
the operation of our experiment. A more complete evaluation
including other shifts shall be done soon.
Because of the fact that the atomic standard is based on an
expanding cloud of atoms, it has no stringent size limitations.
One can imagine the possibility of a clock even more compact.
In fact, this is the next step of this project, with all essential
parts built in a single block.
The compact atomic standard based on cold atoms can be
an important contribution to a primary standard of high rele-
vance and a possible strategic product with a broad range of
applications.
5. CONCLUSIONS
We have described the construction and preliminary perfor-
mance of a compact cold atom standard using an all-in-one
configuration. Some frequency shifts are reported, and a sta-
bility of σyðτÞ ¼ ð5 0:5Þx10−13τ−1=2 for a clock transition with
a linewidth of ð47 5ÞHz was measured. These results show
the potential use of clocks with an operation as described here
compared to a cesium beam standard. Nevertheless, it is ne-
cessary to conduct further investigation in order to improve
the clock stability, complete the evaluation of the frequency
shifts, and evaluate the accuracy. For the next step of our on-
going project, we will develop a system containing all the laser
sources, microwave source, and cavity in a single metallic
block. The MOT will also be substituted by a molasses config-
uration, so avoiding transient magnetic fields.
ACKNOWLEDGMENTS
The authors are pleased to acknowledge A. Clairon, S. Bize,
and G. Santarelli, from the Observatoire de Paris, for all the
fruitful discussions and advice. We acknowledge financial
support from Fundação de Amparo à Pesquisa do Estado
de São Paulo (FAPESP), Conselho Nacional de Desenvolvi-
mento Científico e Tecnológico (CNPq), and Coordenação
de Aperfeiçoamento de Pessoal de Nível Superior (CAPES).
Special acknowledgment is given to the program Fundação
de Amparo à Pesquisa do Estado de São Paulo–Centre Nacio-
nal de La Recherche Scientifique (FAPESP-CNRS).
REFERENCES
1. S. Bize, P. Laurent, M. Abgrall, H. Marion, I. Maksimovic, L.
Cacciapuoti, J. Grünert, C. Vian, F. Pereira dos Santos, P.
Rosenbusch, P. Lemonde, G. Santarelli, P. Wolf, A. Clairon,
A. Luiten, M. Tobar, and C. Salomon, “Cold atom clocks and
applications,” J. Phys. B 38, S449–S468 (2005).
2. N. F. Ramsey, “Application of atomic clocks,” in Laser Physics
at the Limits, H. Figger, D. Meschede, and C. Zimmermann, eds.
(Springer, 2002), pp. 3–8.
3. J. Jespersen and J. Fitz-Randolph, From Sundials to Atomic
Clocks (Dover, 1999).
4. F. Teles, D. V. Magalhães, M. S. Santos, G. D. Rovera, and V. S.
Bagnato, “Construction and evaluation of the first Brazilian
atomic clock,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control
47, 1111–1114 (2000).
5. S. Tremine, S. Guerandel, D. Holleville, J. Delporte, N. Dimarcq,
and A. Clairon, “Limitations to the short term frequency stability
in a compact cold atom clock,” in Proceedings of the 2005 IEEE
International Frequency Control Symposium (IEEE, 2005),
pp. 111–116.
6. T. Zanon, S. Tremine, S. Guerandel, E. De Clercq, D. Holleville,
N. Dimarcq, and A. Clairon, “Observation of Raman–Ramsey
fringes with optical CPT pulses,” IEEE Trans. Instrum. Meas.
54, 776–779 (2005).
7. S. T. Müller, D. V. Magalhães, A. Bebeachibuli, T. A. Ortega, M.
Ahmed, and V. S. Bagnato, “Free expanding cloud of cold atoms
as an atomic standard: Ramsey fringes contrast,” J. Opt. Soc.
Am. B 25, 909–914 (2008).
8. H. Metcalf and P. Van Der Straten, “Laser cooling and trapping
of atoms,” J. Opt. Soc. Am. B 20, 887–908 (2003).
9. J. Vanier and C. Audoin, The Quantum Physics of Atomic
Frequency Standards (Adam Hilger, 1989), Vol. 2.
10. D. Kajfez and P. Guillon, Dielectric Resonators (Artech House,
1986).
11. J. F. Garcia Nava, F. L. Walls, J. H. Shirley, W. D. Lee, and M. C.
Delgado Aramburo, “Environmental effects in frequency synthe-
sizers for passive frequency standards,” in Proceedings of the
1996 IEEE International Frequency Control Symposium
(IEEE, 1996), pp. 973–979.
12. National Institute of Standards and Technology, “Cs Synthesi-
ser,” operation manual, 1996.
13. D. Allan, “Statistics of atomic frequency standards,” Proc. IEEE
54, 221–231 (1966).
14. S. T. Müller, “Padrão de Frequência Compacto,” Ph.D. thesis
(Instituto de Física de São Carlos, Universidade de São Paulo,
2010).
15. D. J. Glaze, H. Hellwig, D. W. Allan, and S. Jarvis, “NBS-4 and
NBS-6: the NBS primary frequency standards,” Metrologia 13,
17–28 (1977).
16. S. Tremine, S. Guerandel, D. Holleville, A. Clairon, and N.
Dimarcq, “Development of a compact cold atom clock,” in Pro-
ceedings of the 2004 IEEE International Frequency Control
Symposium and Exposition (IEEE, 2004), pp. 65–70.
17. F. X. Esnault, S. Perrin, S. Tremine, S. Guerandel, D. Holleville,
N. Dimarcq, V. Hermann, and J. Delporte, “Stability of the com-
pact cold atom clock HORACE,” in Proceedings of the 2007
IEEE International Frequency Control Symposium (IEEE,
2007), pp. 1342–1345.
Table 1. Preliminary List of Systematic Effects in a
Compact Atomic Clock
Physical Effect Correction Uncertainty
Redshift −1:0 × 10−14 −5:4 × 10−15
Second-Order Doppler Shift −4:2 × 10−19 10−21
Second-Order Zeeman Shift 4:1 × 10−9 0:45 × 10−9
Black Body Radiation Shift −1:84 × 10−14 −1:0 × 10−16
2596 J. Opt. Soc. Am. B / Vol. 28, No. 11 / November 2011 Müller et al.
